12 United States Patent

US011742438B2

US 11,742,438 B2
Aug. 29, 2023

(10) Patent No.:
45) Date of Patent:

Otsuka
(54) SOLAR CELL AND SOLAR CELL MODULE
(71) Applicant: SHIN-ETSU CHEMICAL CO., LTD.,
Tokyo (IP)
(72) Inventor: Hiroyuki Otsuka, Karuizawa-machi
(JP)
(73) Assignee: SHIN-ETSU CHEMICAL CO., LTD.,
Tokyo (IP)
(*) Notice: Subject to any disclaimer, the term of this
patent 1s extended or adjusted under 35
U.S.C. 154(b) by 0 days.
(21) Appl. No.: 16/273,497
(22) Filed: Feb. 12, 2019
(65) Prior Publication Data
US 2019/0181280 Al Jun. 13, 2019
Related U.S. Application Data
(63) Continuation of application No. 15/523,923, filed as
application No. PCT/JP2015/005190 on Oct. 14,
2015, now abandoned.
(30) Foreign Application Priority Data
Nov. 13, 2014 (IP) oo, 2014-230517
(51) Int. CL
HOIL 31/0224 (2006.01)
HOIL 31/18 (2006.01)
(Continued)
(52) U.S. CL
CPC .. HOIL 31/022441 (2013.01); HOIL 31/0288
(2013.01); HOIL 31/02167 (2013.01);
(Continued)
(58) Field of Classification Search

CPC ... HO1L 31/00; HOIL 31/02; HO1L 31/02008;
HOI1L 31/0201; HO1L 31/0224;

(Continued)

B S I3 84

oy Aiteny -

Regisiivity of subafrats 2
852

Aosw iy

lq_#l':.l'lrl'lrlrlrlr##'rJr'rJrlr'r'r'r'rlrlrlltlr
J» x

I LT o

X
E3)

X
**4*#‘!' AR R KRR X e r

" y .
L e L L NN
4*4-*4-*4*4-*-l:Jr*_4-*4-*4-*4-*4-*11-*4-*#*#*#*#*#*#*#*lr,ra-*u-,rn-‘_u-‘_u-bu-,ra-.ri. SRR RN e
ww o e e e e e e e e A RN

**********************************************************************************************************

-----------------------------------
********************************************************************************************************

bbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbb
***************************************************************************************

X
q-****}*********#*****#***ﬁ-*k*b*k*k*k*b*b*b b*b*b*l.b*lilll.I.l.-.l.-l-.-.-‘.-.-1-.-1-1111111111111-11--11--
44-]]_;.-4-4-4-:.-4-1.-:.-:.-1.-1.-:.-1.-1.-1.-u-u-:.-\-u-‘..:bbba-bn|.|.-nnn---‘\---------------
******************************************************
B X e X bk U Ao bk kb kb kodk ko ko h kb d b b b bk ko kow k kw7 ow B LT T TR T N T
ke bk b b bk Bk bk on hom L] -
[ ]
[ ]

e
) KRR kA i ke e ke kK bk kb kg bbb ke b bk k ok kR ok komomon

AR K A A A Ry A kg d d gk bk kb bk bk kb k komom komom kk
mﬁ:nwm' vWﬂ:'ﬁNﬂh*Mh‘::.“'.ﬂ'.."\ﬁ'.H'.W.ﬁ'.
B L L PP
XX ¥ Xk x k¥ kK L L U

(56) References Cited

U.S. PATENT DOCUMENTS

11/2004 Abe et al.
11/2005 Rohatgi et al.

(Continued)

0,815,605 Bl
2005/0252544 Al

FOREIGN PATENT DOCUMENTS

CN 101164173 A 4/2008
CN 101399297 A 4/2009
(Continued)

OTHER PUBLICATTONS

English machine translation of Toyomura et al. (KR 2004-0045387)
published Jun. 1, 2004.*

(Continued)

Primary Examiner — Christina Chern
(74) Attorney, Agent, or Firm — Ol PLC

(37) ABSTRACT

A method for manufacturing a solar cell having a P-type
s1licon substrate wherein one main surface 1s a light-recerv-
ing surface and another 1s a backside, a plurality of back
surface electrodes formed on a part of the backside, an
N-type layer 1n at least a part of the light-receiving surtace,
and contact areas in which the substrate contacts the elec-
trodes; wherein the P-type silicon substrate 1s a silicon
substrate doped with gallium and has a resistivity of 2.5
(2-cm or less; and a back surface electrode pitch P, [mm]
of contact areas in which the P-type silicon substrate i1s 1n
contact with the back surface electrodes and the resistivity
R_ . [€2-cm] of the substrate satisiy the relation represented

Ay

by the following formula (1).

IDg(Rsub)E_lﬂg(Pr

R

)+1.0 (1)

22 Claims, 4 Drawing Sheets

¢ A frm®

R AR IR It
B8 g e

-

2 v a0 mAdera®

A "t

**************************************************************************************

LT N\

LA mAdew® N

e el otk ol AL ALt Aol sl st Sl A A e e Rt o S I N T TR TP IC



US 11,742,438 B2

Page 2
(51) Int. CL TW 200703699 A 1/2007
HOIL 31/068 (2012.01) WO 00/73542 A1  12/2000
H01L 31/0288 (2006.01) WO 02/31892 Al 4/2002
HOIL 31/0376 (2006.01)
HOIL 31/0216 (2014.01) OTHER PUBLICATIONS
(52) US. ClL Mar. 11, 2019 Oflice Action 1ssued in Taiwanese Patent Application
CPC ................ HOIL 317022425 (2013.01); HOIL No. 104137159,
31703767 (2013.01); HOIL 31/068 (2013.01); May 17, 2 019 Office Action issued in Chinese Patent Application
HOIL 31718 (2013.01); YO2E 10/50 (2013.01); No. 201580061522.5.
YO2F 10/547 (2013.01) Cul, Jihai, “Professional Series ‘Twelve-Five’ Planning Textbook
_ _ _ for National Preschool Education, Mathematics”, Nankair Univer-
(58) Field of Classification Search sity Publishing House, vol. 1, (2013), pp. 48-49.
CPC ........ HOI1L 31/022425; HOIL 31/0248; HO1L Peng, Q1, ed., “Series Textbooks for Vocational Education: Math-
31/0256; HO1L 31/028; HO1L 31/0288; ematics”, Zhengzhou University Publishing House, vol. 1, (2013),
HOLL 31/068 . - Ge et al, eds., “General Course in Mathematics”, Tongj
SR : ang, Ge et al., eds., “General Course in Mathematics”, Tongji
See application file for complete search history. University Publishing House, (2013), pp. 14-17.
Dec. 20, 2019 Oflice Action 1ssued in Chinese Patent Application
: No. 201580061522.5.
(56) References Cited Wang, W., “Silicon Crystal Solar Cell Manufacturing Technology”,
o Machinery Industry Publishing House, (May 2014), p. 176.
U.s. PALENT DOCUMENLS Apr. 11, 2017 Oflice Action 1ssued 1n Japanaese Patent Application
No. 2014-230517.
3
2006/0060258 Al 3/2006 Hacke oo HOlngéﬁg(;g Dec. 15, 2015 International Search Report i1ssued 1n International
2009/0020158 Al 1/2009 Ohtsuka ot :;11: May 16, 2017 International Preliminary Report on Patentability
2009/0025786 Al*  1/2009 Rohatgi ................ HO1I. 31/068 1ssued 1n International Patent Application No. PCT/JP2015/005190.
136/256 Jun. 13, 2017 Office Action 1ssued in Japanese Patent Application

2010/0108139 Al 5/2010 Li
2011/0056554 Al* 3/2011 Yamamoto ...... HOIL 31/022425

136/256
2011/0120551 Al1* 5/2011 Prince .......covve.... B22F 1/0059
136/256
2011/0197964 Al1* 8/2011 Jang ..........ccccoee.. HO1L 31/068
136/256
2013/0183795 Al1* 7/2013 Akimoto .................. HO1B 1/22
257/E31.124
2013/0247957 Al 9/2013 Hashigami et al.
2013/0247980 Al 9/2013 Yokosawa et al.
2014/0034123 Al1* 2/2014 Bitnar ............... HO1L 31/02021
136/256
2014/0102527 Al 4/2014 Ogane et al.
2015/0179837 Al* 6/2015 Cheong ................. HO1L 31/068
136/255
FOREIGN PATENT DOCUMENTS
CN 101694008 A 4/2010
CN 103299432 A 9/2013
CN 103329280 A 9/2013
C 103608933 A 2/2014
JP 2002-047095 A 2/2002
JP 2002-076400 A 3/2002
JP 2002-083983 A 3/2002
JP 2002-104898 A 4/2002
JP 2004-006565 A 1/2004
JP 2004-064028 A 2/2004
JP 2004-095674 A 3/2004
JP 2004-140024 A 5/2004
JP 2006-310368 A 11/2006
JP 2013-048126 A 3/2013
JP 2013-512571 A 4/2013
JP 2013-135155 A 7/2013
KR 20040045387 A * 6/2004 ................ HO2J 7/35

No. 2014-230517.

Mar. 27, 2018 Extended European Search Report issued 1n Euro-
pean Patent Application No. 15858822.8.

Jul. 3, 2018 Oflice Action issued 1n Japanese Patent Application No.
2014-230517.

Aug. 13, 2018 Oflice Action 1ssued in Chinese Patent Application
No. 201580061522.5.

Sep. 18, 2018 Office Action 1ssued 1n Japanese Patent Application
No. 2014-230517.

Mar. 27, 2020 Ofhice Action 1ssued 1n U.S. Appl. No. 16/791,208.
Jul. 3, 2020 Chinese Decision of Refusal 1ssued 1n Chinese Appli-
cation No. 201580061522.5.

Oct. 22, 2020 Ofhce Action Issued in U.S. Appl. No. 16/791,208.
Jan. 19, 2021 Ofhice Action 1ssued in Chinese Office Action No.
201580061522.5.

Shen, Wun-Jhong; “Solar Photovoltaic Technologies and Applica-
tions”; Energy and Environment Publishing Project; Shanghai Jiao
Tong University Press; Oct. 2013, pp. 160, 163, 164.

Wang, Wun-Jing;, “Crystalline Silicon Solar Cell Manufacturing
Technology”; New Energy Application Technology Series; China
Machine Press; May 2014, p. 323.

Mar. 2, 2021 Oflice Action 1ssued 1n Furopean Patent Application
No. 15 858 822.8.

Mar. 22, 2021 Oflice Action i1ssued 1n U.S. Appl. No. 16/791,208.
Oct. 4, 2021 Oflice Action 1ssued in U.S. Appl. No. 16/791,208.
Mar. 29, 2022 Ofhice Action 1ssued 1n U.S. Appl. No. 16/791,208.
Oct. 8, 2022 Oflice Action 1ssued in Chinese Patent Application No.
201911390646 4.

Oct. 18, 2022 Ofhce Action 1ssued 1n U.S. Appl. No. 16/791,208.
Jun. 2, 2023 Oflice Action 1ssued 1n U.S. Appl. No. 16/791,208.
May 24, 2023 Oflice Action 1ssued 1n Chinese Patent Application
No. 201911390646 .4.

* cited by examiner



U.S. Patent

Aug. 29, 2023 Sheet 1 of 4

i 34

T W W R T B T A TR T N b T Y

18
. %

L]
q_

b e . ‘-""-'rl-_r ] : '..1' ; Lo
SEETE AR R i 3L 'S SR AT R R E MR
.:‘P.:I:!:.‘I_:E!:_I:!:I'::!:‘I—:IL"I-:'h:l"_*l:l_!.“'lw_‘_r-'l *f""-l"‘:l 1 1’;&? [ |.1.F'_‘:1-:‘|_1i1l‘:|1| !J'h!_*I-'I""r.:'l::l,._‘il:‘!L“I:.!“!'_-_IL"'I"_'I_*:I
Rl el R R S R R P S
e e N b;a,.# e e :~.:-:¢%—$:~:~L1+:¢ B e :+.¢
i .l_-_*f«.- - ’-; hh P "'-."-.' -..’-;J'n- ’..h* T h.‘-.- -4 f«.- A h.h Pt -‘».'-.

1 &

/ e

S “"’r e
2 A L o
%& & ':;"a _ .:;%czy
"7.'.':""\. /HQ‘J}':-\ N "'-:!"-.{ = _ N

19

US 11,742,438 B2



U.S. Patent Aug. 29, 2023 Sheet 2 of 4 US 11,742,438 B2

11

!
i
!
}

{f}

(&)

(1)

(k)

$
:

(1)



US 11,742,438 B2

"

:
.

Sheet 3 of 4

S N W N e S W W W Ny W Ny W N W W W dy W W N N Ne Ne S

.‘_.l_..-.i...-......-..ﬂ

P

LY

Aug. 29, 2023

T

L

AW U

U.S. Patent

L~y O
L)
N
r.u—_l...-lv L
:?Ulﬂ.i

,..ﬂup.,_._._..“.,._._“”“.....

e

ey Ty
R RO B R

LI T T T B
[ T B I |

"
b ]
2
-’
P IR
o o
ﬁt- el
r i
l.._.l..ll.i-_."..-. .ﬂ._._.u
el N,
1‘
- ‘h -ﬁ{
J.l...__.___l.- ..__.t# ;
—at T
, e
. o
HUL W
e
R e
LR
ity
ma

[ s B

IR

'

{ﬁ

.;*.‘.h“:;:;.:-.;;;;;.;.;;.m;h;;
b it
39

P

why

. -
M - -
... f".“'u.'

£

.
L

ing

14

il

]
ER

e

]
%

%4

*

WS RN N

5.
¥4,

aw

i3

s

i

R A 11

L]
L)

L}
-
e,
LI
0-
.lli
L
.lll -
.lllll
.l-i-
-lllll
et
L
.l-i-
.lllll
.l-.__-
- "= .
i
IO

=

o

b,
oty

W=y

aaw

b.l.l.l.l.l.liiiill-

a kN N d N
P o NN N o e )

r s = &2 &2 & F ¥ i

i*-

Yinm

3

oh
I ¢4

r'b

2§31

e

/

bR £

.
r

freacs

FhFhk bk

=
Ll
r

{}

L]
Ll
[ ]
L]
[ ]
r

L]

[ ]
Ll

[ ]
Ll

[ ]
[ ]

[ ]
[ ]

[ ]
r

r

r

{1

L]
" m 2" oE o
r

.
.

M

.
N
.{.. .
ke

4
": -:‘:l

ol

1l

¢
&
F)

e e

W dr W B e i B B e B B e e B A B

RETTEIY

w¥

LN
i

i T T T T A A T A
o oA oaomaaakoa kA
b & & & & & b & & ok
NN

N

*i .
L
L
rhn

&k a A b

Pl e g,
P .r.r.........r............................q-
b b b b b b b b b & b Jrodr i

?
'i...

.!. :-l"-l'

" = m b m o oxoFoEEREROEGSE

1‘-,‘1'

.

o

ﬁ

L
l-t':-
- e e W W W

!
it K

L

)
-

F ks Frroror

,E"}
™

o
#:#:#
L
X X
Tty

i, T R R, A R, PO, P, P, T 5 R PR T P P T e e e L P P
F

&{*
ks

L

o ......_..r.._ ....T.r.r.r.t.r.__ .....r.r.._ .r.v....r.....t.r.v....r....r.....v....r....t....k...... ¥ i
R M .....r.....r.....r.r.r.._..r.r.r.;..r#....#.r.;.........r#.r#...#...#
N
S N o
Fa r#HkHkHtHkHkH#HkH&H#Hkﬁkﬂ#ﬂkﬂ#ﬂ#ﬂ&ﬂkﬂ##& L)
T M NN M NN ML NN M NN M N N

ar iy dr iyl i iy i e e
A R e e e e e e e e e e e

i i i i i e i

ok kK
X

'

S N N

Feln's

i
>

NN N )
X

XX X KX
St Tty

e
X

[
5

IR
X FE X R X kXX

Xk x ok kK kK

4

L] .T.r .T.r .T.T.T.Tb..r .T.T....T.T.T.:-.T.T.T.:..T.T
N RN NN NN NN NN NN IN
I e e

L e
e a a a a a T
* .:..I.T.I.:..I.:..I}..lb..ll..lb..lb..lb..ll..lb..ll...

Jrdp de Jr dr dr o dp
drdr A dr d

| ]
)
A e
L
o
N

X

NN NN NN

Pl
-

AL e

P

)

A Eay

A R R R

U

kb

L

L]
-
b L T ]

L 5w il

.............. PO Ty
b b N

i e .r.................._.....-......-.....l.-..-_l

" omom i.._i.._.._.._.r.r.._.....r.r o

I RN N Y

NN MR



U.S. Patent Aug. 29, 2023 Sheet 4 of 4 US 11,742,438 B2

R I R L Y S (R

i} 111
5 /11—8

11 2
/ /
/

l‘h.h‘h.ﬁ\"’s‘h‘fhiﬁ%‘&'\‘ﬁﬁ*& P e T e e e B e

AN MR § SN AN AR
O B N L e e
e v PR B NN -
_ LN s
f{"'" 'QF e _""-"'q'
J :

1
/

A

119



US 11,742,438 B2

1
SOLAR CELL AND SOLAR CELL MODULLE

This 1s a Continuation of application Ser. No. 15/523,923
filed May 2, 2017, which in turn i1s a national stage of
PCT/IP2015/005190 filed Oct. 14, 20135, which claims pri-
ority to JP 2014-230517 filed Nov. 13, 2014. The disclosure
of the prior applications 1s hereby incorporated by reference
herein 1n its entirety.

TECHNICAL FIELD

The present invention relates to a solar cell and a solar cell
module.

BACKGROUND ART

Semiconductor substrates for solar cells are usually manu-
tactured by a Czochralski method (CZ method), which can
produce a single crystal with a large-diameter at relatively
low cost. For example, P-type semiconductor substrates can
be obtained by drawing a silicon single crystal doped with
boron by a CZ method, and slicing this single crystal.

Single crystal silicon solar cells (solar cells made of single
crystal silicon substrates) have been configured to have a
structure 1n which the whole surface of the backside (the
surface opposite to the light-receiving surface) 1s in contact
with the electrode via a Back Surface Field (BSF) structure.

The BSF structure can be easily introduced by a screen
printing method, and 1s widely spread to be the mainstream
ol structures of present silicon single crystal solar cells.

To the BSF structure, a Passivated Emitter and Rear
Contact Solar Cell (PERC) structure and a Passivated Emit-
ter and Rear Locally Diffused Solar Cell (PERL) structure
come to be introduced in order to further improve the
eiliciency.

The PERC structure and the PERL structure are methods
to aggressively reduce the recombination rate ol minority
carriers on the back surface, that 1s, methods to reduce an
ellective surface recombination velocity on the back surface.

The cross section of a previous solar cell having a PERC
structure 1s schematically shown in FIG. 9. As shown 1n FIG.
9, the solar cell 110 1s provided with the N-type layer 112 on
the side of the light-receiving surface of the silicon substrate
113 doped with boron (hereinafter, also described as a
boron-doped substrate), and the finger electrodes 111 on this
N-type layer 112. In many cases, the solar cells have the
passivation layer 115 on the light-receiving surface. The
solar cell 1s also provided with the passivation layer 116 on
the back surface, the electrodes 114 on the back surface, and

the contact areas 117 where the boron-doped substrate 113
1s locally in contact with the back surface electrodes 114.

The cross section of a previous solar cell having a PERL
structure 1s schematically shown 1n FIG. 10. As shown 1n
FIG. 10, the solar cell 110" 1s the solar cell 110 that 1s
provided with the P* layer (1.e., the layer which 1s doped
with P-type dopant in higher concentration than the sur-
rounding area (P-type silicon substrate)) 119 immediately
under the back surface electrodes 114. This may be provided
with N™ layer (i.e., the layer which is doped with N-type
dopant 1n higher concentration than the surrounding N-type
layer 112) 118 under the light-receiving surface electrode
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111. Other structures are similar to the solar cell having a
PERC structure in FIG. 9, and the explanation 1s omitted.

CITATION LIST
Patent Literature

Patent Literature 1: pamphlet of International Patent Laid-
Open Publication No. WO 2000/073342

SUMMARY OF INVENTION

Technical Problem

Even though a solar cell has the PERC structure or the
PERL structure to reduce the recombination rate of minority
carriers on the back surface, when the substrate 1s a boron-
doped substrate, the interstitial boron atom combines with
interstitial oxygen atoms by i1rradiated light to form a
recombination site in the substrate bulk, which reduces the
lifetime of the minority carriers to degrade the characteris-
tics of the solar cell. This phenomenon 1s also referred to as
light-induced degradation of a solar cell using a boron-
doped substrate.

In solar cells having the PERC structure and the PERL
structure, the electrode on the back surtface is localized. This
generates current crowding in the vicinity of the contact (1.e.,
the contact area where the substrate 1s 1n contact with the
back surface electrode), and tends to cause resistance loss.
Accordingly, a substrate with low resistance 1s preferable in
the solar cell having the PERC structure or the PERL
structure. However, when using a substrate with low resis-
tance, that 1s, 1n a situation 1n which more boron atoms are
contained, the combination of a boron atom and oxygen
atoms 1ncreases to make the degradation (light-induced
degradation) noticeable thereby.

On the other hand, using a substrate with higher resistance
reduces the degradation. In a solar cell having the PERC
structure or the PERL structure, however, current crowding,
significantly generates in the vicinity of the contact on the
back surface to cause resistance loss as described above. As
a result, the characteristics degrade also 1n this case.

To eliminate the light-induced degradation, Patent Litera-
ture 1 suggests the use of gallium as P-type dopant instead
of boron. It has been 1impossible to sufliciently prevent the
resistance loss, however, only by using a silicon substrate
doped with gallium (heremnafter, also referred to as a gal-
lium-doped substrate) as the substrate of the solar cell
having the PERC structure or the PERL structure.

The present invention was accomplished i view of the
above-described problems. It 1s an object of the present
invention to provide a solar cell and a solar cell module
having excellent conversion etfliciency with the resistance
loss being prevented, with the solar cell using a substrate the
light-induced degradation of which 1s eliminated.

Solution to Problem

To achieve the above-described object, the present inven-
tion provides a solar cell comprising a P-type silicon sub-
strate 1n which one main surface 1s a light-receiving surface
and another main surface 1s a backside, a plurality of back
surface electrodes formed on a part of the backside, an
N-type layer 1n at least a part of the light-recerving surface
of the P-type silicon substrate, and contact areas in which the
P-type silicon substrate i1s 1n contact with the back surface
electrodes:
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wherein the P-type silicon substrate 1s a silicon substrate
doped with gallium:;

the P-type silicon substrate has a resistivity of 2.5 €2-cm
or less; and

a back surface electrode pitch P, [mm] of the plurality of 5

back surface electrodes and the resistivity R, [£2-cm] of the
P-type silicon substrate satisiy the relation represented by

the following formula (1)

log(R_ ,)=—-log(#, )+1.0

(1).

In such a solar cell, since the substrate 1s a gallium-doped
substrate, the light-induced degradation 1s eliminated. The
substrate 1s also a substrate with lower resistance, which
hardly generates current crowding in the contact area to
scarcely cause resistance loss. The solar cell has the PERC
structure with a lower resistance substrate, and can sutli-
ciently reduce the recombination rate of the minority carriers
on the back surface side. In addition to these structures, the
pitch of the electrodes on the back surface (hereinafter, also
referred to as a back surface electrode pitch) and the
resistivity of the substrate satisty the relation represented by
the foregoing formula (1), which makes i1t possible to
mimmize the resistance loss due to the current crowding and
to further increase the output power.

It 1s preferable that the resistivity of the P-type silicon
substrate be 0.2 €2-cm or more.

Such solar cells can generate current 1n virtually the same
level even when the solar cell module 1s composed of solar
cells with different resistivity. Accordingly, excess loss can
be reduced when the solar cell module 1s fabricated using
such solar cells.

It 1s also preferable that the pitch of back surface elec-
trodes be 10 mm or less.

Such a solar cell can be definitely a solar cell with
excellent conversion efliciency.

It 1s also preferable that each of the contact areas have a
higher P-type dopant concentration than other area.

Such a solar cell with a PERL structure having a so-called
P* layer 1s excellent in conversion efficiency.

It 1s also preferable that the total area of the contact areas
be 20% or less of the total backside area.

Such a solar cell makes 1t possible to further reduce the
carrier recombination on the contact between the substrate
and the electrode while making the contact resistance lower
between the substrate and the electrode.

The present mvention also provides a solar cell module
comprising the mventive solar cell.

In the mventive solar cell, the light-induced degradation
and the resistance loss are eliminated, while the conversion
elliciency 1s excellent. Accordingly, in the solar cell module
provided with the mventive solar cell, the light-induced
degradation and the resistance loss are eliminated, while the
conversion efliciency 1s excellent.

sib

Advantageous Elflects of Invention

In the inventive solar cell, since the substrate 1s a gallium-
doped substrate, the light-induced degradation 1s eliminated.
The substrate 1s also a substrate with lower resistance, which
hardly generates current crowding near the contact area to
scarcely cause resistance loss. The solar cell has the PERC
structure or the PERL structure with a lower resistance
substrate, and can suthiciently reduce the recombination rate
of the minority carriers on the back surface side. In addition
to these structures, the electrode pitch on the back surface
and the resistivity of the substrate satisty the relation rep-
resented by the foregoing formula (1), which makes it
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4

possible to minimize the resistance loss due to the current
crowding and to further increase the output power.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 1s a sectional view showing an example of the
inventive solar cell;

FIG. 2 1s a schematic drawing of the solar cell shown 1n
FIG. 1 on a perspective projection of the P-type silicon
substrate;

FIG. 3 1s a sectional view showing an example of the
inventive solar cell;

FIG. 4 1s a schematic drawing of the solar cell shown 1n
FIG. 3 on a perspective projection of the P-type silicon
substrate:

FIG. 5 1s a flow diagram of an example of a method for
manufacturing the mventive solar cell;

FIG. 6 1s a diagram of the average conversion efliciency
of the solar cell as a function of the electrode pitch on the
back surface and the substrate resistivity of the gallium-
doped substrate after suflicient 1irradiation of the sunlight;

FIG. 7 1s a diagram of the average conversion efliciency
of the solar cell as a function of the electrode pitch on the
back surface and the substrate resistivity of the boron-doped
substrate after sutlicient irradiation of the sunlight;

FIG. 8 1s a diagram of the average short-circuit current
density of the solar cell as a function of the electrode pitch
on the back surface and the substrate resistivity of the
gallium-doped substrate;

FIG. 9 1s a sectional view schematically showing a
previous solar cell having a PERC structure; and

FIG. 10 1s a sectional view schematically showing a
previous solar cell having a PERL structure.

DESCRIPTION OF EMBODIMENTS

Heremafiter, the present invention will be more specifi-
cally described.

As described above, an excellent conversion efliciency
solar cell with eliminating the resistance loss has been
demanded for solar cells using a substrate which eliminates
the light-induced degradation. As a structure that can
enhance the conversion efliciency, the PERC structure and
the PERL structure have been proposed. However, only by
using a gallium-doped substrate which can eliminate light-
induced degradation for a solar cell having the PERC
structure or the PERL structure, 1t has been impossible to
sufliciently prevent resistance loss to provide the solar cell
with excellent conversion efliciency.

The nventor has diligently investigated to solve the
problems. As a result, the inventor has found that the
foregoing problem can be solved with the solar cell having
a PERC structure or a PERL structure provided with a
gallium-doped substrate having a lower resistance, with the
back surface electrode pitch and the resistivity substrate
satistying a specific relation; thereby brought the inventive
solar cell and the solar cell module to completion.

Hereinatter, an embodiment of the present invention will
be specifically described with reference to FIGS, but the
present 1nvention 1s not limited thereto.

[Solar Cell]

FIG. 1 1s a sectional view showing an example of the
inventive solar cell. FIG. 2 1s a schematic drawing of the
solar cell shown 1n FIG. 1 on a perspective projection of the
P-type silicon substrate 13. As shown in FIG. 1 and FIG. 2,
the mventive solar cell 10 1s provided with the P-type silicon
substrate (gallium-doped substrate) 13 1n which one of the
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main surface 1s a light-receiving surface and another main
surface 1s a backside. This also has a plurality of back
surface electrodes 14 formed on a part of the backside of the
P-type silicon substrate 13. The P-type silicon substrate 13
has an N-type layer 12 1n at least a part of the light-receiving
surface, and also has the contact areas 17 where the P-type
silicon substrate 13 1s 1n contact with the back surface
clectrodes 14. The N-type layer 12 1s generally provided
with the light-receiving surface electrode 11 thereon.

In the present invention, the P-type silicon substrate 13 1s
a gallium-doped substrate. By changing the P-type dopant
from boron to gallium like this, the light-induced degrada-
tion can be eliminated. The P-type silicon substrate 13 has
a resistivity (specific resistance) of 2.5 £2-cm or less. The
resistivity more than 2.5 £-cm can cause current crowding
in the vicinity of portions on the back surface side where the
P-type silicon substrate 13 1s in contact with the back surface
electrodes 14, which can cause resistance loss.

As described above, the mventive solar cell 1s provided
with a gallium-doped substrate having lower resistance (1.€.,
a substrate with high galltum concentration). The solar cell
having a PERC structure or a PERL structure 1s particularly
excellent 1n conversion efliciency when having a substrate
with lower resistance. Accordingly, the imnventive solar cell
1s particularly excellent 1n conversion etliciency. The mnven-
tive solar cell, having a galllum-doped substrate with lower
resistance, hardly vyield light-induced degradation, which
occurs 1n a boron-doped substrate with lower resistance (i.e.,
a substrate with high boron concentration), and can keep the
high efliciency.

In the inventive solar cell 10, the back surface electrode
pitch P, [mm] of the plurality of back surface electrodes 14
and the resistivity R _ , [€2-cm] of the P-type silicon substrate

sih

13 satisiy the relation represented by the following formula

(1)

log(R., ,)=—log(P, )+1.0 (1).

The back surface electrode pitch 20 i1s shown in FIG. 1.
When the back surface electrode pitch 20 and the resistivity
of the galllum-doped substrate 13 do not satisty the relation
represented by the formula (1), 1t 1s not possible to suili-
ciently prevent resistance loss due to current crowding,
causing the decrease in the output power. The relation of the
formula (1) was obtained by the following computer simu-
lation.

In the solar cell shown 1n FIG. 1, the conversion efliciency
of the solar cell was simulated by using a computer, as a
function of the electrode pitch on the back surface and the
resistivity of the gallium-doped substrate. The results are
shown 1n FIG. 6.

In the solar cell shown 1n FIG. 9, the conversion efliciency
of the solar cell was also simulated by using a computer, as
a Tunction of the electrode pitch on the back surface and the
resistivity of the boron-doped substrate. The results are
shown 1n FIG. 7. In FIG. 6 and FIG. 7, the conversion
elliciency 1s shown by the light and shade. It 1s also shown
by contour lines of conversion etliciency, each of which
links each point of combination of the resistivity of the
substrate and the back surface electrode pitch.

FIG. 6 1s a diagram showing the average conversion
elliciency of the solar cell as a function of the electrode pitch
on the back surface and the substrate resistivity of the
gallium-doped substrate after suflicient i1rradiation of the
sunlight. As shown in FIG. 6, when the resistivity of the
gallium-doped substrate was 2.5 €2-cm or less, and the back
surface electrode pitch and the substrate resistivity of a
gallium-doped substrate satisfied the relation represented by
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the foregoing formula (1), the results of conversion efli-
ciency were excellent. On the other hand, as shown 1n FIG.
6, the conversion efliciency suddenly dropped when the
resistivity was more than 2.5 £2-cm or when the formula (1)
was not satisfied.

FIG. 7 1s a diagram of the average conversion efliciency
of the solar cell as a function of the electrode pitch on the
back surface and the substrate resistivity of the boron-doped
substrate after suthicient irradiation of the sunlight. As shown
in FIG. 7, when a boron-doped substrate was used, the
conversion efliciency was inferior to the case of using a
gallium-doped substrate. This shows an influence of light-
induced degradation. In this instance, the conversion efli-
ciency suddenly dropped in some cases even when the back
surface electrode pitch and the substrate resistivity of a
boron-doped substrate satisfied the relation represented by
the formula (1).

In the solar cell shown 1n FIG. 1, the short-circuit current
density of the solar cell was simulated, as a function of the
clectrode pitch on the back surface and the resistivity of the
gallium-doped substrate. The results are shown 1 FIG. 8.
FIG. 8 1s a diagram showing the average short-circuit current
density of the solar cell as a function of the electrode pitch
on the back surface and the substrate resistivity of the
gallium-doped substrate. In FIG. 8, the short-circuit current
density are shown by the light and shade. They are also
shown as contour lines of the short-circuit current density,
cach of which links each point of combination of the
resistivity of the substrate and the back surface electrode
pitch. As shown in FIG. 8, when the resistivity of a gallium-
doped substrate was 2.5 €2-cm or less, and the back surface
clectrode pitch and the resistivity of the galllum-doped
substrate satisfied the relation represented by the formula
(1), the short-circuit current density showed smaller varia-
tion than the substrate resistivity.

When the resistivity of a gallium-doped substrate was 0.2
(2-cm or more, the short-circuit current density showed
much smaller variation than the substrate resistivity. These
results reveal that the solar cell which has a resistivity o1 0.2
(2-cm or more and 2.5 £2-cm or less and satisfies the relation
represented by the formula (1) shows similar current even
when the solar cells have resistivity variation. Accordingly,
it turned out that these solar cells can reduce excess loss
when they are modularized. As described above, 1t 1s pref-
crable that the resistivity of the P-type silicon substrate
(galllum-doped substrate) 13 be 0.2 £2-cm or more.

The thickness of the P-type silicon substrate 13 1s not
particularly limited, and can be a thuickness of 100 to 200 um,
for example. The shape and area of the main surface of the
P-type silicon substrate 13 1s not particularly limited.

It 1s also preferable that the back surface electrode pitch
20 of the plurality of back surface electrodes be 10 mm or
less. Such a solar cell 1s excellent 1n conversion efliciency as
shown in FIG. 6. The lower limit of the back surface
clectrode pitch 20 1s not particularly limited, and can be 1
mm, for example.

It 1s also preferable that each P-type dopant concentration
in the contact areas 17 be higher than the P-type dopant
concentration in an area other than the contact areas 17. As
an example of such a solar cell having a PERL structure, the
solar cell shown 1 FIG. 3 and FIG. 4 can be enumerated.
FIG. 3 1s a sectional view showing an example of the
inventive solar cell. FIG. 4 1s a schematic drawing of the
solar cell shown 1n FIG. 3 on a perspective projection of the
P-type silicon substrate 13. In the solar cell shown 1n FIG.
3 and FIG. 4, the same reference number 1s given to each of
the same components as those 1n the solar cell shown 1 FIG.
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1, and the explanation 1s omitted. As shown i FIG. 3 and
FIG. 4, the solar cell 10' 1s the one 1n which the foregoing
solar cell 10 1s provided with N™ layer 18 immediately under
the light-receiving surface electrode 11, and the P™ layer 19
immediately under the back surface electrodes 14 (in the
vicinity of the contact areas 17). Such a solar cell having a
PERL structure can be a solar cell that 1s excellent 1n
conversion efliciency.

It 1s also preferable that the total area of the contact areas
17 be 20% or less on the basis of the whole of the backside.
In such a solar cell, 1t 1s possible to further reduce the
recombination of carriers due to the contact between the
substrate and the electrode while making the contact resis-
tance much lower between the substrate and the electrode.
The lower limit of the total area of the contact areas 17 1s not
particularly limited, and can be 5%, for example. The
clectrode widths of the light-recerving surface electrode 11
and the back surface electrodes 14 are not particularly
limited, and can be 15 to 100 um, for example.

As shown in FIG. 1, the inventive solar cell 10 1s
generally provided with the surface passivation layer 16 on
the back surface. It i1s also possible to have the surface
passivation layer 15 on the light-receiving surface. The
passivation layer 15 on the light-receiving surface can also
act as an anti-retlection film, etc. As these passivation layers,
it 1s possible to use a silicon nitride layer (SiNx layer) and
S10, layer, which can be fabricated by using a plasma CVD,
and to use a thermal oxide layer too. The ellect on anti-
reflection shows maximum value when the layer thickness
of the anti-reflection film 1s 85 to 105 nm, which 1s favor-
able.

It 1s also possible to have metal such as aluminum on the
whole surface of the back surface passivation layer 16 to
form a structure in which the plurality of back surface
clectrodes 14 are connected with each other (1.e., a structure
in which the back surface electrodes 14 are integrated).

[lustrative examples of the N-type dopant contained in
the N-type layer 12 and the N™ layer 18 include P (phos-
phorus), Sb (antimony), As (arsenic), and Bi (bismuth).
[llustrative examples of the P-type dopant contained in the
P* layer 19 include B (boron), Ga (gallium), Al (aluminum),
and In (indium).

[Solar Cell Module]

Subsequently, the mventive solar cell module will be
described. The mventive solar cell module 1s provided with
the foregoing inventive solar cell. Specifically, 1t can be
formed by connecting a plurality of the arranged inventive
solar cells 1n series by using an inter connector, for example.
Various module structures can be applied without limiting,
thereto. In such a solar cell module, the light-induced
degradation and resistance loss are eliminated, and the
conversion efliciency 1s excellent.
| Method for Manufacturing Solar Cell]

Then, the method for manufacturing the inventive solar
cell will be described with reference to FIG. 5. FIG. 5 15 a
process flow diagram showing an example of a method for
manufacturing the inventive solar cell. The method
described below 1s a typical example, and the method for
manufacturing the inventive solar cell 1s not limited thereto.
First, as shown in FIG. 5 (a), a galllum-dopes substrate with
a resistivity of 2.5 £2-cm or less 1s prepared for the P-type
silicon substrate in which one main surface 1s a light-
receiving surface and another main surface 1s a backside.

It 1s preferable that the resistivity of the gallium-doped
substrate prepared in the step (a) be 0.2 £2-cm or more. When
using a gallium-doped substrate, since the segregation coet-
ficient of gallium 1s relatively high, the resistivity of an ingot
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grown by a CZ method differs by about six times at the top
and at the tail. In order to manufacture a solar cell at low
cost, 1t 1s desirable to use each of these ingots entirely one
piece, and 1t 1s preferable that the difference of the resistivity
ol a substrate be considered 1n the design stage. By prepar-
ing a gallium-doped substrate with a resistivity of 0.2 £2-cm
or more in the step (a), it 1s possible to manufacture plural
solar cells having a PERC structure or a PERL structure
which can show similar current even when these solar cells
differ the resistivity by about six times, and to reduce excess
loss when these solar cells are modularized. This makes 1t
possible to manufacture a solar cell module at lower cost.
The method for measuring the resistivity of a gallium-doped
substrate 1s not particularly limited, and includes a four-
point prove method, for example.

The silicon single crystal from which the gallium-doped
substrate 1s sliced can be produced by a CZ method, for
example, as described above. In this case, gallium and a
polycrystalline material may be introduced 1nto a crucible in
a lump to form a raw material melt. It 1s desirable to produce
dopant by producing and pulverizing a silicon single crystal
doped with higher concentration of gallium, and to adjust the
concentration by introducing the dopant nto melted
polycrystalline silicon for CZ material so as to have a
desired concentration, since 1t 1s necessary to precisely
adjust the concentration, particularly in mass production.
The gallium-doped substrate can be obtained by slicing thus
obtained gallium-doped silicon single crystal.

Subsequently, slice damages on the surface of the sub-
strate can be removed by etching with a high-concentration
alkaline solution such as sodium hydroxide and potassium
hydroxide 1n a concentration of 5 to 60%, or mixed acid of
hydrotluoric acid and nitric acid, etc. as shown 1 FIG. 5 (b).
Then, the substrate surface can be processed to form
micro-roughness called texture as shown 1n FIG. 5 (¢). The
texture 1s an eflective method to reduce the retlectance of a
solar cell. The texture can be produced by immersing the
substrate 1n heated alkaline solution (concentration: 1 to
10%, temperature: 60 to 100° C.) such as sodium hydroxide,
potassium hydroxide, potassium carbonate, sodium carbon-
ate, and sodium hydrogencarbonate for about 10 minutes to
30 minutes. In many cases, a certain amount of 2-propanol
(IPA: 1sopropyl alcohol) 1s added to the foregoing solution
to promote the reaction.

After the damage-etching and texture formation, 1t 1s
preferable to clean the substrate as shown 1n FIG. 5 (d). The
cleaning can be performed by using an aqueous acid solution
of hydrochloric acid, sulfuric acid, nitric acid, hydrofluoric
acid, or mixed solvent thereof; or pure water, for example.

Subsequently, as shown in FIG. 5 (e), N-type layer 1s
formed on the light-receiving surface of the galllum-doped
substrate.

The method for forming an N-type layer 1in the step (e) 1s
not particularly restricted. For example, 1t 1s possible to
enumerate a method to thermally diffuse the dopant. This
includes a vapor phase diffusion method in which POCI,
(phosphoryl chloride) and the like introduced into a quartz
tube furnace with carrier gas are diffused or a coating
diffusion method 1n which a phosphorus-contaiming material
and the like applied onto a substrate 1s diffused by thermal
treatment. The coating method i1n the coating diffusion
method 1ncludes spin-coating method, spray-coating
method, ink-jet method, and screen printing method.

In the coating diffusion method, the N-type layer can be
formed by coating the light-receiving surface with a material
which contains N-type dopant followed by thermal treat-
ment. For the material which contains N-type dopant, it 1s
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possible to use a phosphorus diffusion source, which turns to
glass by thermal treatment. This phosphorus diffusion source
includes any known ones, and can be obtained by mixing
P,O., pure water, polyvinyl alcohol (PVA), and tetracthyl
orthosilicate (TEOS), for example.

For a method for manufacturing a solar cell having a
PERL structure provided with an N* layer on the light-
receiving surface side and a P* layer on the back surface
side, 1t 1s possible to enumerate a method 1n which the
light-receiving surface 1s locally coated with the N-type
dopant-containing material, and the back surface is locally
coated with P-type dopant-containing material, and then the
substrate 1s subjected to a thermal treatment. In this case, 1t
1s possible to form diffusion masks on the light-receiving
surface and/or the back surface in order to prevent auto-
doping and then to perform the thermal treatment 1n plural
times.

For the P-type dopant-contaiming material, it 1s possible to
use a boron diffusion source, which turns to glass by thermal
treatment. This boron diffusion source includes any known
ones, and can be obtained by mixing B,O;, pure water, and
PVA, for example.

Then, as shown 1n FIG. 5 (f), the PN junction 1s 1solated
by using a plasma etcher. In this process, samples are
stacked so as to prevent plasma and radical from getting 1nto
the light-receiving surface or the backside, and the side faces
of the substrate are dry-etched by several microns under this
stacked condition. This PN 1solation by plasma etching may
be performed before removing the boron glass and phos-
phorus glass or may be performed after the removal. It 1s
also possible to form a trench with laser as an alternative
method to the PN 1solation.

After the step (e), not a little quantity of glass layer 1s
formed on the surface of the substrate. The glass on the
surface 1s removed by hydrofluoric acid, etc., as shown 1n
FIG. § (g).

Subsequently, as shown 1 FIG. 5§ (%), a surface passiva-
tion layer can be formed on the light-recerving surface of the
gallium-doped substrate. For the light-receiving surface
passivation layer, it 1s possible to use the same ones
described 1n the 1tem of the solar cell.

Then, as shown 1n FIG. 5 (i), a surface passivation layer
can be deposited on the back surface of the gallium-doped
substrate. For the back surface passivation layer, 1t 1s pos-
sible to use the same ones described 1n the 1tem of the solar
cell.

Subsequently, as shown 1 FIG. 5 (j), the back surface
passivation layer can be removed just on the contact area for
a back surface electrode. The removal of the back surface
passivation layer can be performed by using a photo-
lithography method or an etching paste, for example. This
ctching paste contains at least one selected from the group
consisting of phosphoric acid, hydrofluoric acid, ammonium
fluoride, and ammonium hydrogen fluoride as an etching
component together with water, organic solvent, and a
viscosity agent, for example.

At this stage, it 1s possible to determine a pitch to remove
the back surface passivation layer in the step (3) (which
corresponds to an pitch of the contact areas) on the basis of
the relation represented by the formula (1) for the resistivity
of the gallium-doped substrate prepared 1n the step (a). This
makes 1t possible to certainly manufacture a solar cell that 1s
excellent 1n conversion efliciency. It 1s also possible to
precisely determine the upper and the lower limits of the
back surface electrode pitch P, [mm] and the resistivity
R_ . [£2-cm] to fabricate the solar cell.
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Then, as shown 1n FIG. 5 (k), a paste for a back surface
clectrode 1s printed onto the backside of the galllum-doped
substrate, followed by drying. For example, a paste in which
Al powders are mixed with an organic binder 1s applied onto
the backside of the substrate by screen printing. For a
material of the back surface electrode, Ag and so on also can
be used. The back surtace electrode needs to be formed on
the contact area at least. Alternatively, the back surface
clectrode may be formed and integrated to the whole back
surface. In this case, the back surface electrode actually
contacts the substrate locally.

Subsequently, as shown i FIG. 5 (/), a paste for a
light-receiving surface electrode 1s printed onto the light-
receiving surface of the gallium-doped substrate, followed
by drying. For example, an Ag paste in which Ag powders
and glass Irit are mixed with an organic binder 1s applied
onto the light-receiving surface of the substrate by screen
printing. The step (k) and the step (1) may be performed in
the opposite order.

After the foregoing printing of the electrodes, for the paste
on a light-receiving surface electrode and the paste on a back
surface electrode, firing 1s done as shown in FIG. 5 (m). In
this way, the light-receiving surface electrode and the back
surface electrode are formed by printing the pastes followed
by firing. The firing 1s generally performed by thermal
treatment at a temperature of 700 to 800° C. for 5 to 30
minutes. This thermal treatment makes the Ag powders
penetrate to the passivation layer (fire through) on the
light-receiving surface side to electrically conduct the light-
receiving surface electrode and the galllum-doped substrate.
It 1s also possible to bake back surface electrode and the
light-receiving surface electrode separately.

In such a process, the solar cell shown 1n FIG. 1 and FIG.
3 can be manufactured. The iventive solar cell module can
be obtained by modularizing the solar cells thus obtained.

It 1s to be noted that the present mvention 1s not limited
to the foregoing embodiment. The embodiment 1s just an
exemplification, and any examples that have substantially
the same feature and demonstrate the same functions and
cllects as those 1n the technical concept described 1n claims
of the present invention are included 1n the technical scope
of the present invention.

The mvention claimed 1s:
1. A method for manufacturing a solar cell, the method
comprising;
preparing a P-type silicon substrate in which one main
surface 1s a light-receiving surface and the other main
surface 1s a backside, wherein:
the P-type silicon substrate 1s a silicon single crystal
substrate doped with gallium and 1s produced from
an got grown by a Czochralski method, and
the P-type silicon substrate has a resistivity of 0.2 to 2.5
(2-cm;
forming an N-type layer on at least a part of the light-
receiving surface of the P-type silicon substrate;
forming a surface passivation layer on the backside of the
P-type silicon substrate;
forming a first electrode on the light-receiving surface;
forming a second electrode comprising a plurality of back
surface electrodes onto the backside of the P-type
silicon substrate such that:
the plurality of back surface electrodes penetrate
through the surface passivation layer to contact the
P-type silicon substrate i a plurality of contact
areas, and
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a pitch P, [mm] of the plurality of contact areas and
the resistivity R_, [€2-cm] of the P-type silicon
substrate satisiy the relation represented by the fol-
lowing formula (1)

IDg(Rsub)E_ng(Prm)-l_l'o (1)!

wherein:
the pitch of the plurality of contact areas 1s 0.1 mm or
more and 10 mm or less, and
the total area of the plurality of contact areas of the
back surface electrodes 1s about 5% or more and
20% or less on the basis of the whole of the backside;
and
determining the pitch P, [mm] such that, with the pro-
viso that the pitch P, [mm] 1s 1n the horizontal axis and
the resistivity R_ . [€2-cm] of the P-type silicon sub-
strate 1s 1n the vertical axis, the short-circuit current
density shows smaller variations as compared to the
resistivity R_ , [€2-cm] and is more than 37 mA/cm?
and less than about 40 mA/cm®, but within a value
defined by the lines of 0.2 €2-cm and 2.5 €2-cm of the
resistivity of the P-type silicon substrate and the line of
log (R, ,)=-log(P, )+1.0, wherein:
the solar cell shows a similar current throughout the
range of 0.2 to 2.5 €2-cm of the resistivity of the
P-type silicon substrate, and
a conversion efliciency of the solar cell 1s about 20%.
2. The method according to claim 1, wherein each of the
contact areas has a higher P-type dopant concentration than
other areas of the backside of the P-type silicon substrate.
3. A method for manufacturing a solar cell module, the
method comprising:
manufacturing a plurality of solar cells according to the
method of claim 1; and
connecting the plurality of solar cells 1n series by using an
inter connector.
4. A method for manufacturing a solar cell, the method
comprising;
preparing a P-type silicon substrate in which one main
surface 1s a light-receiving surface and the other main
surface 1s a backside, wherein:
the P-type silicon substrate 1s a silicon single crystal
substrate doped with gallium and 1s produced from
an ingot grown by a Czochralski method, and
the P-type silicon substrate has a resistivity of 0.2 to 2.5
(2-cm;
forming an N-type layer on at least a part of the light-
receiving surface of the P-type silicon substrate;
forming a first electrode on the light-receiving surface;
forming a surface passivation layer on the backside of the
P-type silicon substrate;
determining a pitch P, [mm] of contact areas to be
formed between a plurality of back surface electrodes
and the P-type silicon substrate such that:
the pitch P, [mm] and the resistivity R_ , [£2-cm] of
the P-type silicon substrate satisiy the relation rep-
resented by the following formula (1)

IDg(Rsub)E_ng(P}“

rH

with the proviso that the pitch P, , [mm] 1s 1n the
horizontal axis and the resistivity R, [€2-cm] of the
P-type silicon substrate 1s in the vertical axis, the
short-circuit current density shows smaller variations
as compared to the resistivity R_ , [£2-cm] and 1s
more than 37 mA/cm® and less than about 40
mA/cm”, but within a value defined by the lines of

1.0 (1), and
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0.2 Q-cm and 2.5 £2-cm of the resistivity of the
P-type silicon substrate and the line of log (R_ ,)=—

log(P,_)+1.0; and

forming a second electrode comprising the plurality of
back surface electrodes on the backside of the P-type
silicon substrate so that the plurality of back surface
clectrodes penetrate through the surface passivation
layer to contact the P-type silicon substrate at the
contact areas that satisly the determined pitch P,
[mm],

wherein:

the pitch of the contact areas 1s 0.1 mm or more and 10

mm or less,
the total area of the contact areas 1s about 5% or more and

20% or less on the basis of the whole of the backside,
the solar cell shows a similar current throughout the range

of 0.2 to 2.5 €2-cm of the resistivity of the P-type silicon
substrate, and

a conversion eiliciency of the solar cell 1s about 20%.

5. The method according to claim 4, further comprising:

removing only parts of the surface passivation layer

corresponding to the contact areas.

6. The method according to claim 1, wherein each of the
back surface electrodes has a width of 15 to 100 um.

7. The method according to claim 4, wherein each of the
back surface electrodes has a width of 15 to 100 um.

8. The method according to claim 1, wherein the solar cell
has a PERC or PERL structure.

9. The method according to claim 4, wherein the solar cell
has a PERC or PERL structure.

10. The method according to claim 3, wherein the plu-
rality of solar cells vary in resistance.

11. A method for manufacturing a solar cell comprising:
(1) a P-type silicon substrate 1n which one main surface 1s a
light-receiving surface and the other main surface 1s a
backside, (11) a backside electrode comprising a plurality of
back surface electrodes 1n contact with the P-type silicon
substrate 1n a plurality of contact areas, wherein the plurality
of contact areas has a pitch P, [mm] of 0.1 to 10 mm, (111)
an N-type layer formed on at least a part of the light-
receiving surface of the P-type silicon substrate, (1v) a back
surface passivation layer provided on the whole of backside
of the P-type silicon substrate, (v) a light-receiving surface
passivation layer, and (v1) a light-receiving surface electrode
that 1s 1n electrical contact with the N-type layer,

the method comprising:

preparing, as the P-type silicon substrate, a silicon single

crystal substrate doped with gallium, the silicon sub-
strate being produced from an ingot grown by a
Czochralski method and having the resistivity of 0.2 to

2.5 Q-cm,
determining a value of the pitch P, [mm] of the plurality
of contact areas such that, with the proviso that the
pitch P, [mm] 1s 1n the horizontal axis and the resis-
tivity R_ , [€2-cm] of the P-type silicon substrate 1s 1n
the vertical axis, the short-circuit current density shows
smaller variations as compared to the resistivity R

sih

[Q2-cm] and is more than 37 mA/cm*® and less than
about 40 mA/cm”, but within a value defined by the
lines 0of 0.2 £2-cm and 2.5 £2-cm of the resistivity of the
P-type silicon substrate and the line of log (R, ,)=-lo
(P, )+1.0, and

determining whether the pitch P, [mm] of the plurality of
contact areas and the resistivity R_ ., [£2-cm] of the
P-type silicon substrate satisty the relationship repre-
sented by the following formula (1)
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IDg(Rsub)E_ng(Prm)-l_l'o (1):

wherein:

the plurality of back surface electrodes penetrate
through the back surface passivation layer so as to be
in contact with the P-type silicon substrate i the
plurality of contact areas and the total area of the
plurality of contact areas 1s about 5% or more and
20% or less on the basis of the whole of the backside,

the solar cell shows a similar current throughout the
range of 0.2 to 2.5 €2-cm of the resistivity of the
P-type silicon substrate, and

a conversion efliciency of the solar cell 1s about 20%.

12. The method according to claim 1, wherein with the
proviso that the pitch P, [mm] 1s in the horizontal axis and
the resistivity R, [€2:cm] of the P-type silicon substrate 1s
in the vertical axis:

the short-circuit current density is about 38 mA/cm® when

the pitch 1s 1 mm and the resistivity 1s 0.2 €2-cm, and
the short-circuit current density is about 39 mA/cm” when
the pitch 1s 1 mm and the resistivity 1s 2.5 €2-cm.

13. The method according to claim 3, wherein with the
proviso that the pitch P, [mm] 1s 1n the horizontal axis and
the resistivity R, [£2-cm] of the P-type silicon substrate 1s
in the vertical axis:

the short-circuit current density is about 38 mA/cm” when

the pitch 1s 1 mm and the resistivity 1s 0.2 €2-cm, and
the short-circuit current density is about 39 mA/cm?® when
the pitch 1s 1 mm and the resistivity 1s 2.5 €2-cm.

14. The method according to claim 8, wherein with the
proviso that the pitch P, [mm] 1s in the horizontal axis and
the resistivity R, [€2-cm] of the P-type silicon substrate 1s
in the vertical axis:

the short-circuit current density is about 38 mA/cm” when

the pitch 1s 1 mm and the resistivity 1s 0.2 £2-cm, and
the short-circuit current density is about 39 mA/cm” when
the pitch 1s 1 mm and the resistivity 1s 2.5 €2-cm.

15. The method according to claim 4, wherein each of the
contact areas has a higher P-type dopant concentration than
other areas of the backside of the P-type silicon substrate.

16. The method according to claim 11, wherein each of
the contact areas has a higher P-type dopant concentration
than other areas of the backside of the P-type silicon
substrate.

17. The method according to claim 1, wherein the short-
circuit current density is more than 39 mA/cm” and less than
about 40 mA/cm?®, and the pitch of the plurality of contact
areas 1s 1 mm or more and 10 mm or less.

18. The method according to claim 4, wherein the short-
circuit current density is more than 39 mA/cm” and less than
about 40 mA/cm?, and the pitch of the contact areas is 1 mm
or more and 10 mm or less.

19. The method according to claim 11, wherein the
short-circuit current density is more than 39 mA/cm® and
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less than about 40 mA/cm”, and the pitch of the plurality of
contact areas 1s 1 mm or more and 10 mm or less.
20. A method for manufacturing a solar cell, the method
comprising:
preparing a P-type silicon substrate 1n which one main
surface 1s a light-receiving surface and the other main
surface 1s a backside, wherein:
the P-type silicon substrate 1s a silicon single crystal
substrate doped with gallium and 1s produced from
an mgot grown by a Czochralski method, and the
P-type silicon substrate has a resistivity in a range of
0.2 to 2.5 2-cm;

forming an N-type layer on at least a part of the light-
receiving surface of the P-type silicon substrate;
forming a surface passivation layer on the backside of the
P-type silicon substrate;
forming a first electrode on the light-receiving surface;
forming a second electrode comprising a plurality of back
surface electrodes onto the backside of the P-type
silicon substrate such that:
the plurality of back surface electrodes penetrate through
the surface passivation layer to contact the P-type
silicon substrate 1n a plurality of contact areas which
are provided 1n a plurality of regular patterns with a
regular pitch; and
determining the regular pitch such that, with the proviso
that the pitch Prm [mm] 1s 1n the horizontal axis and the
resistivity Rsub [£2-cm] of the P-type silicon substrate
1s 1n the vertical axis, the short-circuit current density
of the solar cell shows a smaller variation as compared
to the resistivity of the P-type silicon substrate and 1s
more than 37 mA/cm?2 and less than about 40 mA/cm?2,
but within a value defined by the lines of 0.2 £2-cm and
2.5 €-cm of the resistivity of the P-type silicon sub-
strate and the line of log (R sub)=-log(Prm)+1.0,
wherein:
the solar cell has a similar current throughout the range of
the resistivity of 0.2 to 2.5 €2-cm of the P-type silicon
substrate,
the total area of the plurality of contact areas of the back
surface electrodes 1s 5% or more and 20% or lesson the
basis of the whole of the backside, and
a conversion eiliciency of the solar cell 1s about 20%.
21. A method for manufacturing a solar cell module
comprising manufacturing a plurality of solar cells accord-
ing to the method of claim 20, wherein the plurality of solar
cells vary 1n resistance and are connected in series.
22. The method according to claim 21, further compris-
ng:
connecting the plurality of solar cells 1n series by using an
inter connecter.
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